Atomic and molecular transitions induced by axions via oscillating
  nuclear moments by Flambaum, V. V. et al.
ar
X
iv
:1
91
0.
07
70
5v
2 
 [h
ep
-p
h]
  1
 Ja
n 2
02
0
Atomic and molecular transitions induced by axions via oscillating nuclear moments
V. V. Flambaum1,2,3, H. B. Tran Tan1, D. Budker2,4 and A. Wickenbrock2
1 School of Physics, University of New South Wales, Sydney 2052, Australia
2Helmholtz Institute Mainz, Johannes Gutenberg-Universita¨t, 55099 Mainz, Germany
3The New Zealand Institute for Advanced Study,
Massey University Auckland, 0632 Auckland, New Zealand and
4Department of Physics, University of California, Berkeley, California 94720, USA
(Dated: January 3, 2020)
The interaction of standard model’s particles with the axionic Dark Matter field may generate
oscillating nuclear electric dipole moments (EDMs), oscillating nuclear Schiff moments and oscillat-
ing nuclear magnetic quadrupole moments (MQMs) with a frequency corresponding to the axion’s
Compton frequency. Within an atom or a molecule an oscillating EDM, Schiff moment or MQM
can drive transitions between atomic or molecular states. The excitation events can be detected, for
example, via subsequent fluorescence or photoionization. Here we calculate the rates of such tran-
sitions. If the nucleus has octupole deformation or quadrupole deformation then the transition rate
due to Schiff moment and MQM can be up to 10−16 transition per molecule per year. In addition,
an MQM-induced transition may be of M2-type, which is useful for the elimination of background
noise since M2-type transitions are suppressed for photons.
PACS numbers:
I. INTRODUCTION
The nature of dark matter (DM) remains unknown.
The axion is a prominent dark matter candidate orig-
inally introduced in the 1970s to explain the apparent
charge-parity (CP) symmetry of the strong interactions.
Most searches for axion and axion-like particles (ALPs)1
rely on the conversion between axions and photons. Re-
cently, experiments like the Cosmic Axion Spin Preces-
sion experiments (CASPEr) started to look for other
types of axion couplings [1]. Assuming that the dark
matter in the Milky Way consists of axions , the dark
matter field can be described as a field oscillating at
a frequency close to the Compton frequency of the ax-
ion. This field induces oscillating electric dipole mo-
ments (EDMs), oscillating Schiff moments and an os-
cillating magnetic quadrupole moments (MQMs) of fun-
damental particles, nuclei, atoms, and molecules [2, 3].
These moments cause the precession of particle’s spins
due to gradients in the axion field (the axion-wind ef-
fect) [4] and may thus, in principle, be detected. The
CASPEr experiments search for spin precession due to
the nuclear Schiff moment, which is related to the nucleon
EDMs and axion-induced P, T-odd nuclear forces, and
axion wind with nuclear magnetic resonance. First re-
sults constraining the axion-nucleon couplings have been
published by CASPEr [5, 6], as well as by other experi-
ments re-analyzing existing data obtained in the neutron-
EDM [7] and atomic co-magnetometer experiments [8]
and trapped anti-proton experiment [9].
In this paper, we analyze the effect of an axion-induced
1 ALPs are pseudoscalar particles like the axion that do not, how-
ever, solve the strong-CP problem; we refer to both axions and
ALPs as ‘axions’ in this paper.
oscillating nuclear EDM, an oscillating nuclear Schiff mo-
ment and an oscillating nuclear MQM in atoms and
molecules. Such oscillating moments may induce transi-
tions in the atom or molecule if the transition frequency
matches the axion oscillation frequency. In fact, nuclear-
EDM-induced atomic and molecular transitions were al-
ready discussed in Ref. [10]. In this work, we extend
the discussion to the case of Schiff-moment-induced- and
nuclear-MQM-induced transitions whose rates, as we will
demonstrate, may be several orders of magnitude larger
than that of an EDM-induced transitions. We present
estimates of the corresponding transition rates, discuss
their scaling with the relevant atomic and molecular pa-
rameters and comment on the feasibility of experimental
observation of the effects.
II. NUCLEAR EDM PRODUCED BY THE
AXION DARK MATTER FIELD
As noted in Ref. [11], a neutron EDMmay be produced
by the so-called ‘QCD θ-term’. Numerous references and
recent results for the neutron and proton EDMs are sum-
marised in the review [12]
dn = −(2.7± 1.2)× 10−16θ e cm ,
dp = (2.1± 1.2)× 10−16θ e cm .
(1)
Calculations of the EDM of a nucleus with more than
nucleon produced by the P,T-odd nuclear forces were per-
formed in Refs. [13–30]. For a general estimate of such
a nuclear EDM, it is convenient to use a single-valence-
nucleon formula from Ref. [14] and express the result in
terms of θ following Ref. [31]:
d ≈ 7× 10−16
(
q − Z
A
)
(1− 2q) 〈σ〉θ e cm , (2)
2where q = 1 for the valence proton, q = 0 for the valence
neutron, the nuclear spin matrix element is 〈σ〉 = 1 if
j = l + 1/2 and 〈σ〉 = −j/ (j + 1) if j = l − 1/2. Here,
j and l are the total and orbital momenta of the valence
nucleon.
There are many specific results for the 2H and 3He
EDMs, see, e.g., reviews [28, 32]. Within the error bars,
the deuterium EDM is consistent with zero due to the
cancellation between the proton and neutron contribu-
tions. The 3He nucleus contains an unpaired neutron.
Using the calculation of the P,T-odd nuclear force con-
tribution from Refs. [25–27] (−1.5×10−16θ e cm) and the
value of the neutron EDM from Eq. (1), we obtain for the
3He EDM
d(3He) = (−4.2± 1.5)× 10−16θ e cm , (3)
which is close to the estimate obtained using Eq. (2),
which gives d(3He) = −4.7 × 10−16θ e cm, even though
the latter does not include the contribution of the neutron
EDM.
The Schiff moment of a nucleus is defined as [14]
S =
e
10
[〈
r2r
〉− 5
3Z
〈
r2
〉 〈r〉] , (4)
where 〈rn〉 = ∫ ρ (r) rnd3r are the moments of the nu-
clear charge density and r is measured from the nuclear
center of mass (n = 2, 3 is relevant in Eq. (4)). For a
spherical nucleus with one unpaired nucleon, Eq. (4) be-
comes
S = −7×10−7θeq
[(
〈σ〉 + 1
I + 1
)
〈r2〉 − 5
3
〈σ〉r2q
]
, (5)
where q and 〈σ〉 are defined as in Eq. (2) and r2q is the
mean square charge radius. Approximately, 〈r2〉 ≈ r2q ≈
(3/5)R2 where R = r0A
1/3 is the mean bound-state ra-
dius of the nucleus (r0 ≈ 1.5 fm and A is the nuclear mass
number).
It is observed from Eq. (4) that the Schiff moment is
a result of adding two terms of opposite sign. These
two terms are often not known with sufficient accuracy
so the result of calculating the Schiff moment becomes
unreliable. Also, the Schiff moment is determined by the
charge distribution of the protons. However, it is directed
along the nuclear spin which, for example in 199Hg, is
carried by the valence neutron, so the Schiff moment is
determined by the many-body effects which are harder
to calculate. The calculation of nuclear EDMs, on the
other hand, does not suffer from these problems (such as
the difference of two nearly equal terms) and thus have
certain computational advantages.
Despite of these difficulties, numerical calculations of
the Schiff moments do exist. Some numerically computed
values for the Schiff moments of spherical nuclei with one
unpaired nucleon are [14–16, 33, 34]
S
(
205Tl
) ≈ −7.4× 10−3θ e fm3 ,
S
(
199Hg
) ≈ −4.8× 10−3θ e fm3 . (6)
We note in passing that there are experimental limits
on the static Schiff moments of 205Tl and 199Hg, e.g.,
S199Hg <∼ 3.1 × 10−13e fm3 corresponding to |θ| <∼ 10−10
[35–37].
In nuclei with octupole deformation, the nuclear Schiff
moments may be enhanced by 100 to 1000 times (thanks
to the small energy differences of nuclear levels with op-
posite parity and collective effects) [38–43]
S
(
153Eu
) ≈ 3.7 θ e fm3 ,
S
(
225Ra
) ≈ θ e fm3 ,
S
(
227Ac
) ≈ 10 θ e fm3 ,
S
(
229Th
) ≈ 2 θ e fm3 ,
S
(
235U
) ≈ 3 θ e fm3 ,
S
(
237Np
) ≈ 6 θ e fm3 .
(7)
It should also be mentioned that for the Schiff mo-
ment of a nucleus with octuple deformation, the afore-
mentioned problem with the cancellation of two nearly
equal terms does not arise since the first term in Eq. (4)
is significantly enhanced whereas the second term is not
(for similar distribution of protons and neutrons) and the
result is stable. The calculation of the Schiff moment is,
in this case, reduced to that of the expectation value of
the P,T-odd interaction over intrinsic states of the de-
formed nucleus.
The MQM of a spherical nucleus with one unpaired
nucleon is given by [14, 31, 44]
M =
[
d− 6× 10−16θ (µ− q) (e cm)]λp (2I − 1) 〈σ〉 , (8)
where d is the valence nucleon’s EDM, µ is its mag-
netic dipole moment in nuclear magnetons, q, σ, I are
as defined in Eqs. (2) and (4) and λp = ~/mpc =
2.1× 10−14 cm (mp is the proton mass).
Some values for the MQM of spherical nuclei are [14]
M
(
131Xe
) ≈ −3× 10−29θ e cm2 ,
M
(
201Hg
) ≈ 5× 10−29θ e cm2 . (9)
If the nucleus in question has quadrupole deformation,
collective effects generally enhance the nuclear MQM by
one order of magnitude [31, 44–46]
M
(
173Yb
) ≈ −9× 10−28θ e cm2 ,
M
(
177Hf
) ≈ −1× 10−27θ e cm2 ,
M
(
179Hf
) ≈ −2× 10−27θ e cm2 ,
M
(
181Ta
) ≈ −2× 10−27θ e cm2 ,
M
(
229Hf
) ≈ −1× 10−27θ e cm2 .
(10)
Reference [3] discussed the possibility that the dark
matter field is, in fact, an oscillating axion field which
generates neutron EDMs. This axion field may also gen-
erate oscillating nuclear EDMs, oscillating nuclear Schiff
moments and oscillating nuclear MQMs [2]. Relating the
3value of the axion field to the local dark matter den-
sity (Ref. [2]), we may substitute θ(t) = θ0 cos(ωt) where
θ0 = 4× 10−18, ω = mac2/~ and ma is the axion mass2.
It is important to keep in mind that ALPs inducing larger
dipole moments are also among viable DM candidates, so
an experiment with sensitivity less than that necessary
to detect axionic DM could already be sensitive to DM
composed of such ALPs.
III. ATOMIC TRANSITIONS INDUCED BY
OSCILLATING NUCLEAR MOMENTS
We have presented in the last section the possibility
of having oscillating nuclear EDMs, Schiff moments and
MQMs. The interactions of these moments with the
atomic electrons may cause electronic transitions. In
what follows, we provide estimates of the transition rates
due to the interactions with these moments.
A. Nuclear EDM contribution
The interaction of the atomic electrons with a nuclear
EDM d may be presented as
V EDMatom = e
Ne∑
k=1
d · rk
r3k
=
i
Ze~
[P · d, H0] , (11)
where H0 is the (Schro¨dinger or Dirac) Hamiltonian for
the atomic electrons in the absence of d, Ne is the num-
ber of the electrons, Ze is the nuclear charge, −e is the
electron charge, rk is the electron position relative to the
nucleus and P =
∑Ne
k=1 pk is the total momentum of all
atomic electrons.
The second equal sign in Eq. (11) holds because we
have assumed that the nuclear mass is infinite and ne-
glected the small effects of the Breit and magnetic in-
teractions. The operator P commutes with the electron-
electron interaction but does not commute with U , the
potential energy due to the interaction with the nucleus
U = −
Ne∑
k=1
Ze2/rk , (12)
so we have
[P, H0] = [P, U ] = −i~Ze2
Ne∑
k=1
∇ 1
rk
= i~Ze2
Ne∑
k=1
rk
r3k
.
(13)
2 It is worth mentioning that axions are a stochastic field with a
finite coherence times τc ≈
10
−6
h
mac
2
, see, for example Ref. [47]. In
this paper, by θ0 we mean
√
〈θ2
0
〉.
Using the nonrelativistic relation
P = − im
e~
[H0,D] , (14)
where me is the electron’s mass and D = −e
∑Ne
k=1 rk is
the atomic electric dipole moment, the matrix element of
V EDMatom may be written as [10]
〈f |V EDMatom |i〉 = −
ω2me
Ze2
d · 〈f |D |i〉 , (15)
where ω is the frequency of the axion field, which must
matches the transition frequency (Ef − Ei) /~.
The scalar operator V EDMatom conserves the total atomic
angular momentum F . For the electron variables the
selection rules are identical to that for E1 amplitudes.
In accordance with the Schiff theorem, which states
that the static EDM of a subatomic point particle is un-
observable in the nonrelativistic limit, the matrix element
(15) is propotional to ω2 and thus vanishes for ω = 0.
This ω2 suppression should not appear for the transi-
tions induced by oscillating Schiff moments and MQMs
which we shall consider below.
The transition probability W ∝ ∣∣〈i|V EDMatom |f〉∣∣2 is in-
versely proportional to the squared nuclear charge, W ∝
1/Z2, i.e., light atoms like H, He, Li are more advanta-
geous for experiments. The origin of this factor may be
related to the extended Schiff theorem for ion: the screen-
ing factor for an external electric field scales as 1/Z.
Note that the transition probability is not suppressed
for high electron waves j, l. The reason is that the matrix
element of V ∼ 1/r2 does not converge at small distances.
Indeed, an estimate of the contribution of the small dis-
tances
∫
(ψ+1 ψ2/r
2)r2dr =
∫
ψ+1 ψ2dr ∼ rl1+l2+1 actually
converges on the atomic size. This is also the reason why
the relativistic corrections are not important (except for
in the values of energies E1, E2).
Note also that the matrix element rapidly decreases
with the electron principal quantum number n since
ωfi ∼ (nf − ni)/n3, 〈i|D |f〉 ∼ n2, i.e., 〈i|V |f〉 ∼ 1/n4
(we assume that nf ≈ ni ≈ n).
The probability of the transition on resonance for the
stationary case (time t≫ 1/Γ with Γ being the dominant
decoherence mechanism) for the perturbation V EDMatom =
V 0 cos(ωt) is given by the following expression [48]:
Wfi =
| 〈f |V EDMatom |i〉 |2t
~Γ
. (16)
In our case Γ may be the width of the axion energy
distribution (Γ ∼ 10−6mac2 = 10−6~ω) if the atomic
level width is smaller than the axion energy distribution
width (or the atomic energy level width Γ in the opposite
case).
Inserting Eq. (15) into Eq. (16), we obtain the approx-
4imate time for one transition to happen
tEDMatom ≈
2× 1022
N
Z2
(
1eV
ω
)3 ∣∣∣∣ 3eaB〈f |Dz |i〉
∣∣∣∣
2
×
(
4× 10−16θ0 e cm
d
)2
years ,
(17)
where N is the number of atoms and aB is the Bohr
radius. We have presented the result for the maximal
projection of the atomic angular momentum (Fz = F =
j+I, where j is the electron angular momentum and I is
the nuclear spin) and normalized the result to an atomic
scale energy of 1 eV, a typical value of E1-amplitude
| 〈f |Dz |i〉 | = 3eaB and a typical value of nuclear EDM
d0 = 4× 10−16θ e cm.
Note that for the hydrogen atom and transitions be-
tween highly excited Rydberg states of electron, there are
analytical expressions [49] for the transition frequencies
(between states with principal quantum numbers ni and
nf ) ω ∼ (ni−nf)/n3 and E1 amplitudes 〈f |Dz |i〉 ∼ n2a.
Altogether we have t ∝ Z2n5.
B. Nuclear Schiff moment contribution
The effective Hamiltonian for the interaction between
a nuclear Schiff moment and an atomic electron is given
by [14]
V SCHIFFatom = 4πS ·∇ρ , (18)
where S = SI/I is the Schiff moment, I is the nuclear
spin and ρ is the nuclear density normalised to 1 (a better
form for this interaction which takes into account the
finite size of the nucleus is available, see Ref. [33]; for our
estimate, the form (18) is sufficient).
The matrix element for this interaction reads
〈f |V SCHIFFatom |i〉 = 〈f |4π
∂ρ
∂z
|i〉S , (19)
where we have assumed maximal projection of the nu-
clear spin and that the wavefunction of the system fac-
torizes into nuclear and atomic parts.
Inserting Eq. (19) into an analog of Eq. (16), we find
the time for detection of one transition
tSCHIFFatom ≈
2× 1022
N
( ω
1eV
)( 50000 e
a4
B
〈f |4π ∂ρ∂z |i〉
)2
×
(
θ0 e fm
3
S
)2
years ,
(20)
where we have normalized the result to the atomic tran-
sition energy scale 1 eV, a typical value of the ma-
trix element 〈f |4π ∂ρ∂z |i〉 ∼ 50000a−4B [50] and a typical
value of the nuclear Schiff moment of a nucleus with oc-
tupole deformation S ∼ θ0 e fm3. If a maximal value of
S = 10 θ0 e fm
3 (227Ac) was used then the result is two
order of magnitudes better than (20).
We observe that unlike tEDMatom , which is proportional to
ω−3, tSCHIFFatom ∝ ω. This is because the matrix element
(15) is proportional to ω2 whereas the matrix element
(19) does not depend on ω. The factor ω in Eq. (20)
comes from the width Γ which is assumed to be 10−6ω.
As noted in Sect. II, for a typical spherical nucleus with
one unpaired nucleon, the Schiff moment is two to three
orders of magnitude smaller than that in Eq. (20). As a
result, the ‘waiting’ time if such nuclei are used is from
four to six orders of magnitude larger than that in Eq.
(20).
Note also that the matrix element (19) is subjected
to E1 selection rules (the matrix element 〈f | 4π ∂ρ∂z |i〉
contains the factor
(
jf 1 ji
−mf 0 mi
)
ξ (lf + li + 1) where
ξ (x) = 1 if x is even and ξ (x) = 0 if x is odd, see, e.g.,
[50]).
C. Nuclear magnetic quadrupole moment
contribution
The interaction of an atomic electron with a nuclear
MQM has the form [14]
V MQMatom = −
M
4I (2I − 1)TijAij , (21)
(summation over the indices i, j is implied) where the
tensor Tij is defined by (I is again the nuclear spin)
Tij = IiIj + IjIi − 2
3
δijI (I + 1) , (22)
and the tensor Aij by
Aij = ǫnmiαn∂m∂j
1
r
. (23)
Here, M is the magnitude of the MQM, αn are the Dirac
alpha matrices and r the distance from the electron to
the nucleus.
The matrix element of this interaction reads (assuming
maximal projection of the nuclear spin)
〈f |V MQMatom |i〉 = −
I + 1
6 (2I − 1) 〈f |Azz |i〉M , (24)
so the time for the detection of one transition is
tMQMatom ≈
1022
N
(
2I − 1
I + 1
)2 ( ω
1eV
)
×
(
10 e
a3
B
〈f |Azz |i〉
)2(
10−27θ0 e cm
2
M
)2
years ,
(25)
where we have normalized the result to the atomic tran-
sition energy scale 1 eV, a typical value of the matrix
element 〈f |Azz|i〉 ∼ 10 ea3
B
[50] and a typical value of the
nuclear MQM for a nucleus with quadrupole deformation
5M ∼ 10−27θ0 e cm2. If the value 2×10−27θ0 e cm2 is used
for M (e.g., 179Hf) then the result is better by a factor
of four.
For a nucleus with no deformation, as noted in Sect.
II, the MQM is generally an order of magnitude smaller
than that presented in Eq. (25). As a result, the ‘waiting’
time in such case is about two orders of magnitude larger
than in Eq. (25).
Note that the matrix element (24) is of M2 type
(the matrix element 〈f |Azz |i〉 contains the factor(
jf 2 ji
−mf 0 mi
)
ξ (lf + li + 1)). As a result, an MQM-
induced transition, unlike an EDM-induced or a Schiff-
moment-induced one, may be strongly suppressed for
photons (in cases where E1-type transitions are impossi-
ble). This might prove useful for minimizing the effects
of background processes.
IV. MOLECULAR TRANSITIONS INDUCED
BY OSCILLATING NUCLEAR MOMENTS IN
DIATOMIC MOLECULE
In section III, we presented the estimates for the
atomic transitions induced by various oscillating nuclear
moments. These transitions are suitable for searching for
axion with mass in the eV region. For axion mass in the
10−5 − 10−1 eV region (the value ma = 26.2µeV was re-
cently predicted in Ref. [51]; see also [52, 53]), molecules
appear to be better suited, with the region 10−5−10−1 eV
coinciding with the typical separation between rovibra-
tional states. In what follows, we present estimates for
low-frequency transitions in diatomic molecules induced
by oscillating nuclear moments.
A. Nuclear EDM contribution
Let us now consider a diatomic molecule consisting of
two nuclei of masses MI , charges ZI and nuclear EDMs
dI (the subscript I = 1, 2 labels the nuclei) and Ne elec-
trons. As above, the position and momentum operators
of the electrons in the laboratory frame are denoted by
rk and pk. The position and momentum operators of the
nuclei in the laboratory frame will be denoted by RI and
PI , respectively.
The interaction between the nuclear EDMs and the
nuclei and electrons in the molecule may be presented as
V EDMmol =
d1 · ∇R1V0
Z1e
+
d2 · ∇R2V0
Z2e
, (26)
where
V0 =
Z1Z2e
2
R12
−
Ne∑
k=1
(
Z1e
2
R1k
+
Z2e
2
R2k
)
+
Ne∑
i6=j
e2
rij
, (27)
is the Coulomb potential between the constituent par-
ticles of the molecule. Here, RIk = |RI − rk|, rhk =
|rh − rk| and RIJ = |RI −RJ |.
As shown in Appendix A, the matrix element of V EDMmol
has the form
〈f |V EDMmol |i〉 =
ω2µN
e
√
Z1Z2
〈f | δ ·X−∆ ·
Ne∑
i=1
xi |i〉 , (28)
where X = R1 −R2 is the inter-nuclear distance, xk =
rk − (M1R1 +M2R2) / (M1 +M2) is the relative posi-
tion of the electrons with respect to the nuclear center
of mass and µN =M1M2/ (M1 +M2) is the reduced nu-
clear mass. The moments δ and ∆ are defined as
δ =
√
Z1Z2
(
d1
Z1
− d2
Z2
)
, (29)
and
∆ ≈ me (M1Z2d1 +M2Z1d2)
M1M2
√
Z1Z2
, (30)
where in Eq. (30) we retain only the lowest-order term in
the small parameters me ≪ M1,2. Here, ω is again the
frequency of the axion field which matches the transition
frequency (Ef − Ei) /~.
To estimate the matrix element (28), it is convenient
to use the Born-Oppenheimer approximation, in which
the molecular wavefunction can be written as
ψn =
√
2Jn + 1
8π2
DJnmnΩn (Θ)
× φ
vib
n (X)ϕ
e
κnΩn
(X, si)
X
,
(31)
where
√
(2J + 1) / (8π2)DJmΩ, φ
vib/X and ϕeµΛ are, re-
spectively, the rotational, vibrational, electronic wave-
functions. Here J is the molecule’s total angular mo-
mentum, m is the projection of J on a quantization axis
(it is customary to use M for this quantity; here we use
m to avoid confusion with the nuclear MQM), Ω is the
projection of the electrons’ total angular momentum on
the molecular axisX and κ stands for any other quantum
numbers not listed so far. The rotational wavefunction
DJmΩ (Θ) is the Wigner D matrix depending on the set of
Euler angles Θ which descibes the molecule’s orientation
with respect to some laboratory-fixed frame.
As mentioned, an advantage of molecules over atoms
is the existence of rovibrational states whose small en-
ergy spacing is convenient for searching for sub-eV
dark matter. In this paper, we provide estimates
for the transitions between such states. Also, in an-
ticipation of the parity selection rules for the EDM,
Schiff and MQM operators (see Sect. III), we assume
that the states f and i have opposite parities, that
is, |f〉 =
(
|J ′,m,Ω〉 − (−1)J′−Ω |J ′,m,−Ω〉
)
/
√
2 and
|i〉 =
(
|J,m,Ω〉+ (−1)J−Ω |J,m,−Ω〉
)
/
√
2 (here we as-
sume that Ω 6= 0, the result for the case where Ω = 0
is similar). We also assume that f and i have the same
electronic configuration.
6Note that due to the small parameters me/M1,2, we
can assume for the moment that |∆| ≪ |δ|. Thus, if
〈f |X |i〉 6= 0 then the term∆·
Ne∑
i=1
xi may be dropped from
Eq. (28). Also, if we are only interested in transitions
between states within a single electronic configuration
then the term ∆ ·
Ne∑
i=1
xi is zero. In such cases, we are left
with
〈f |V EDMmol |i〉 ≈
ω2µN
e
〈f | δ ·X |i〉
= (−1)2J′−m−ΩBJ′mΩJmΩ
ω2µNδXfi
e
√
Z1Z2
,
(32)
(assuming maximal projection for δ) where
BJ
′mΩ
JmΩ =
√
(2J ′ + 1) (2J + 1)
×
(
J ′ 1 J
−m 0 m
)(
J ′ 1 J
−Ω 0 Ω
)
,
(33)
and
Xfi =
∫
φ¯vibf Xφ
vib
i dX . (34)
We note that in the case where d2 = 0, the result (32)
reduces to that presented in Ref. [10].
The time for the detection of one transition due to an
oscillating nuclear EDM is (assuming that the dominant
contribution to the width is due to the axion frequency
distribution Γ ≈ 10−6~ω) is
tEDMmol ≈
6× 1030
N
Z1Z2(
BJ
′mΩ
JmΩ
)2
(
mp
µN
)2 (ωΩ
ω
)3
×
(
3aB
Xfi
)2(
4× 10−16θ0 e× cm
δ
)2
year ,
(35)
where we have normalized our result to a typical Ω-
doublet separation ωΩ = 10
−5eV, a typical inter-nuclear
distance of 3aB and a typical value for nulear EDM
4× 10−16θ0 e× cm.
Comparing Eqs. (15) and (32), we see that for the same
transition energy in the region of 10−5 eV, the molec-
ular transition probability is enhanced by a factor of
(µN/me)
2 >∼ 108. This enhancement factor arises from
the fact that because the nuclei mover slower than the
electrons, the field created by the oscillating EDM of one
nucleus on the other one is only partially screened by
the electrons, see Ref. [54]. Note also that the matrix
element (32) is subjected to E1 selection rules.
B. Nuclear Schiff moment contribution
The effective Hamiltonian for the interaction between
the nuclear Schiff moment and the molecular axis N =
X/X of a diatomic molecule is given by [14]
V SCHIFFmol =WSS ·N , (36)
where WS is the interaction constant.
Using the Born-Oppenheimer wavefunction (31) and
assuming maximal projection of the nuclear spin, we ob-
tain
〈f |V SCHIFFmol |i〉 ≈ (−1)2J
′−m−Ω
BJ
′mΩ
JmΩ WSS , (37)
where BJ
′mΩ
JmΩ is defined as in Eq. (33). The time for the
detection of one transition due to an oscillating nuclear
Schiff moment is thus
tSCHIFFmol ≈
2× 1017
N
1(
BJ
′mΩ
JmΩ
)2 ωωΩ
×
(
50000 e
a4
B
WS
)2(
θ0 e fm
3
S
)2
years ,
(38)
whereWS is normalized to a typical value of 50000
e
a4
B
[55]
and S to the typical value of θ0 e fm
3 (for a nucleus with
octupole deformation). Using the maximal value of S =
10 θ0 e fm
3 (227Ac) results in a two orders of magnitudes
shorter time than that of Eq. (38).
We observe that, for the benchmark values of the pa-
rameters shown in Eqs. (35) and (38), the result (38) is
thirteen orders of magnitude better than the result (35).
If nuclei with no deformation are used instead, the re-
sults are still seven to nine order of magnitude better
than those of using EDMs. Hence, for small axion fre-
quency (ω <∼ 10−3eV), Schiff moments appear to be more
advantageous than EDMs.
C. Nuclear magnetic quadrupole moment
contribution
The effective Hamiltonian for the interaction between
the nuclear MQM and the molecule is given by [14]
V MQMmol = −
WMM
2I (2I − 1)S
′TˆN , (39)
where S′ =
(
S′ξ, S
′
ψ, S
′
ζ
)
is an effective spin defined by
the equations S′ζ |Ω〉 = Ω |Ω〉, S′± |±Ω〉 = 0, S′± |∓Ω〉 =
|±Ω〉 and S′± = S′ξ ± S′ψ where the coordinates (ξ, ψ, ζ)
form the molecular frame of reference with the ζ-axis
directed along the vector N [56–58]. The tensor Tˆ is
defined as in Eq. (22). The factor WM is the coupling
constant of the MQM interaction.
The matrix element of this interaction (assuming max-
imal projection of the nuclear spin) is
〈f |V MQMmol |i〉 ≈ (−1)2J
′−m−Ω
CJ
′mΩ
JmΩ WMM , (40)
where
CJ
′mΩ
JmΩ = − (2/3)
√
(2J ′ + 1) (2J + 1)
×
(
J ′ 2 J
−m 0 m
)(
J ′ 2 J
−Ω 0 Ω
)
.
(41)
7Thus, the time for the detection of one transition due
to an oscillating nuclear magnetic quadrupole moment is
tMQMmol ≈
8× 1017
N
1(
CJ
′mΩ
JmΩ
)2
(
ω
ωΩ
)
×
(
1033 Hze cm2
WM
)2(
10−27θ0 e cm
2
M
)2
years ,
(42)
where WM is normalized to a typical value of 10
33 Hz
ecm2
[31] and M to the typical value of 10−27θ0 e cm
2 (for a
nucleus with quadrupole deformation). If the value 2 ×
10−27θ0 e cm
2 is used for M (e.g., 179Hf) then the result
is better by a factor of four.
We observe that, for the benchmark values of the pa-
rameters, the result (42) is thirteen orders of magni-
tude better than (35). If the nucleus in question has no
quadrupole deformation, the result is still about eleven
orders of magnitude better than using EDMs. Note also
that the MQM-induced transition (40) is of M2 type,
which is convenient for suppressing photon backgrounds
(if J ′ = J ± 2).
V. DISCUSSION AND CONCLUSION
In this paper, we presented the possibility of searching
for axionic dark matter by means of atomic and molecular
transitions induced by oscillating nuclear EDMs, nuclear
Schiff moments and nuclear MQMs. While the search
would be limited to axion frequencies closely correspond-
ing to resonant atomic or molecular transitions, the latter
can be tuned by using Zeeman and Stark effects. In addi-
tion, the transitions are ‘dense’ in the region of Rydberg
excitations, so complete coverage of a frequency interval
is, in principle, possible. Molecules also have dense spec-
tra and may present additional advantages for this kind
of experiments.
From our estimates, it appears that for a transition
frequency ω ∼ 1 eV, the contribution due to the nuclear
Schiff moment (in a nucleus with octupole deformation)
and nuclear MQM are comparable to that of the EDM.
On the other hand, in molecular rovibrational transi-
tions, the contribution due to Schiff moment (in a nu-
cleus with octupole deformation) and MQM is many or-
ders of magnitude larger than that due to EDM. This is
because MQM and Schiff moment matrix elements are
not suppressed by the factor ω2 like EDM matrix ele-
ments (in this respect, atoms with small-ω transitions
suffer from the same suppression of the EDM matrix el-
ements). Also, an MQM-induced transition, unlike an
EDM-induced or a Schiff-moment-induced one, which
must be of E1 type and hence susceptible to photon back-
ground, can be of M2 type. Since M2-type transitions
are strongly suppressed for photons, the effects of back-
ground processes may be limited. Thus, overall, MQMs
are better suited for the detection of axions using atomic
and molecular transition.
We note that the smallness of the rotational transi-
tion frequencies in molecules may pose a problem for the
detection of axion signals if one is interested in this fre-
quency range, with black body radiation potentially dom-
inating the counts in the photon detector used to capture
fluorescence light emitted when the molecules excited by
axion-induced nuclear moments decay. This issue might
be overcome by further exciting the excited molecules
to a higher electronic state and then detecting the flu-
orescence emitted when the molecules in this final state
relax back to the ground state. Since the frequency of
an electronic transition is typically in the eV range, the
fluorescence signal registered in the photon detector will
not be dominated by black body radiation counts. We
note also that this problem may arise only in the detec-
tion stage of the experiment. If the initial transition is
induced by a nuclear MQM and is of M2-type then, as
mentioned earlier, the background effects at this stage
may be effectively suppressed.
Finally, we point out that in our considerations, we
implicitly assumed that the atoms and molecules in the
sample are originally in the ground state. If the sam-
ple is in the gaseous phase at a temperature T ∼ 100K
(we focus on gases to avoid complications arising from
the modification of atomic and molecular spectra in liq-
uids and in solids; molecules in noble gas matrices are
also a possible candidate) this assumption is reasonable if
one targets the axion mass and thus axion-induced tran-
sition frequency ω >∼ 0.1 eV, i.e., using vibrational or
electronic transitions (thermal population of the states
which lie at >∼ 0.1 eV is small at this temperature). If,
however, one is interested in scanning the small axion
mass regime ω ∼ 10−6 − 10−3 eV with molecules then at
T ∼ 100K, most of the low-lying rotational states have
non-negligible thermal populations, which poses a chal-
lenge for axion signal discrimination. One approach to
improve upon this situation is to use trapped molecules
which may be cooled down to µK or even nK, assuring
that only the ground state is populated. The drawback
of this approach is that the relatively small number of
trapped molecules N may degrade the statistical sensi-
tivity to the axion. More modern technologies may some
day allow us to cool a sufficiently large number particle
down to a sufficiently small internal temperatures (see,
e.g., [59] and the references therein). Still the central
experimental issue will be separating the axion related
signal from the backgrounds, Here, two powerful tools
are available for discriminating the useful signal: the M2
character of the axion/MQM induced transition as dis-
cussed above and the fact that the axion related signal
should represent a sharp resonance with a relative fre-
quency spread of a part per million or smaller, while the
photon backgrounds are expected to be broad and non-
resonant.
We note finally that the relatively long coherence time
of the axion suggests another possibility, in principle,
to discriminate axion signals. Here one would apply a
resonant laser field weakly driving the transition that is
8supposed to be driven by the axion-induced oscillating
nuclear moments. The probability of the pure photon-
induced transition does not depend on the phase of the
driving field. However, the axion- and photon-induced
amplitudes interfere, and the interference term should
reverse with an appropriate phase reversal of the pho-
ton field. Since the axion phase is ‘reset’ every coher-
ence time, the overall interference signature should cor-
respondingly change on the coherence-timescale of the
axion. This peculiar signature is generally not expected
from the background signal. An additional benefit of the
interference scheme is an enhancement of the signal: the
interference term in the transition probability is bilinear
in the axion- and photon-induced amplitudes and the lat-
ter can be made reasonably large. A brief discussion of
interference is presented in Appendix B.
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Appendix A
In this appendix, we provide the derivation for Eq.
(28).
The total Hamiltonian of a diatomic molecule with the
interaction with nuclear EDMs included is given by
H =
P21
2M1
+
P22
2M2
+
Ne∑
i=1
p2i
2me
+ V0 + V
EDM
atom ,
V0 = −
Ne∑
i=1
Z1e
2
|ri −R2| −
Ne∑
i=1
Z2e
2
|ri −R2|
+
Ne∑
i>j
e2
|ri − rj | +
Z2Z1e
2
|R2 −R1| ,
V EDMatom =
d1 · ∇R1V0
Z1e
+
d2 · ∇R2V0
Z2e
,
(43)
where the nuclear positions R1,2, nuclear momenta P1,2,
electrons position ri and electron momenta pi are defined
in the laboratory frame.
A change of coordinates to the center-of-mass frame
as described in Ref. [54], gives, after discarding the free
motion of the molecule
H = H0 + V
EDM
atom ,
H0 =
Q2
2µN
+
Ne∑
i=1
q2i
2µe
+
Ne∑
i6=j
qiqj
MN
+ V0 ,
(44)
where V0 and V
EDM
atom are now functions of the new vari-
ables X = R1−R2 and xi = ri−(M1R1 +M2R2) /MN .
The momenta Q and qi are conjugate to X and xi,
respectively. For convenience, we have defined MN =
M1 + M2, MT = MN + Neme, µN = M1M2/MN and
µe =MNme/ (MN +me).
We may then write
V EDMatom =
d1 · ∇R1V0
Z1e
+
d2 · ∇R2V0
Z2e
=
id1 · [P1, H0]
Z1e~
+
id2 · [P2, H0]
Z2e~
=
id1 ·
[
Q− M1MN
Ne∑
i=1
qi, H0
]
Z1e~
−
id2 ·
[
Q+ M2MN
Ne∑
i=1
qi, H0
]
Z2e~
,
(45)
so
〈f |V EDMatom |i〉 = −
iωd1 · 〈f |Q− M1MN
Ne∑
i=1
qi |i〉
Z1e~
+
iωd2 · 〈f |Q+ M2MN
Ne∑
i=1
qi |i〉
Z2e~
.
(46)
Using the relations
Q+
(−1I) MI
MN
Ne∑
i=1
qi
=
i
~
[
H0, µNX+
(−1I)MIµe
MT
Ne∑
i=1
xi
] (47)
we obtain
〈f |V EDMmol |i〉 =
ω2µN
e
√
Z1Z2
〈f | δ ·X−∆ ·
Ne∑
i=1
xi |i〉 , (48)
where
δ =
Z2d1 − Z1d2√
Z1Z2
, (49)
and
∆ =
µe (M1Z2d1 +M2Z1d2)
MTµN
√
Z1Z2
≈ me (M1Z2d1 +M2Z1d2)
M1M2
√
Z1Z2
.
(50)
9VI. APPENDIX B
In this appendix, we briefly discuss the possibility of
using interference to assist the detection of rotational
transitions driven by axion-induced oscillating nuclear
MQM.
The photon-induced MQM transition amplitude is
given by
Mγ =
√
πnγZeω
3/2
√
2Amp
〈f |
(
kˆ · r
)
bˆ ·(gRJ+ gNI) |i〉 , (51)
where nγ is the photon number density, kˆ is the photon
propagation unit vector, bˆ = kˆ × ǫˆ is the direction of
the magnetic component of the photon field, J is the
nucleus’ total angular momentum, I is the nuclear spin
and gR and gN are the g-factor associated with J and I.
We estimate the transition amplitude (51) as
Mγ ∼
√
nγZeω
3/2X¯
Amp
. (52)
Note that the photon density may be expressed in terms
of the number of photons emitted by the source per unit
time P and the cross section σγ of the photon beam as
n = P/ (cσγ).
The ratio between the change in the signal as the axion
phase resets and the total signal is
r ≈ 4 |Ma/Mγ| , (53)
where Ma is the MQM amplitude (40). The factor of 4
appears because the cross term contains a factor of 2 and
the effect of reversing the axion phase contains another
factor of 2.
Substituting Eqs. (40) and (52) into Eq. (53), we ob-
tain
r ≈ 10−4A
Z
(
10−4 eV
ω
)3/2(
1020/s
P
)1/2 ( σγ
1 cm2
)1/2
×
(
3aB
X¯
)(
WM
1033 Hze cm2
)(
M
10−27θ0 e cm2
)
.
(54)
We are also interested in the total number of tran-
sitions induced in one axion coherence-time τa, which
may be approximated by the total number of photons
absorbed by the target. The latter may be expressed as
Nγ = ηPτal/labs = ηPτalnmolσabs , (55)
where l is the length of the sample in the direction of
photon propagation, labs = 1/ (nmolσabs) is the photon
absorption length, nmol is the molecular density in the
target and σabs is the photon absorption cross section.
We have included in Eq. (55) the factor η to accommo-
date the possibility of using a cavity to boost the photon
flux.
The axion coherence-time may be written as
τa = 10
6 × 2π
ma
= 106 × 2π
ω
, (56)
where we have imposed the condition that the axion mass
is in resonance with the transition frequency.
The cross section σabs is given by [see Eq. (52)]
σabs =
4π
ω2
Γabs
Γtot
, Γabs =
ω2
(2π)2
(
Zeω3/2X¯
Amp
)2
, (57)
where Γtot is the total width of the transition driven
by the photons and the axion-induced oscillating nuclear
MQM.
Substituting Eqs. (56) and (57) into Eq. (55), we ob-
tain
Nγ = 2× 106 ηP lnmol
Γtot
(
ZeωX¯
Amp
)2
, (58)
which gives
Nγ ≈ 1.7× 103
(
Z
A
)2 ( η
106
)( P
1020 s−1
)
×
(
l
1m
)(
10−10 eV
Γtot
)( nmol
1018 cm−3
)
×
(
X¯
3aB
)2 ( ω
10−4 ev
)2
.
(59)
We note finally that ultimately, the feasibility of the
interference scheme discussed here requires at least one
axion-induced transition to occur per axion coherence-
time. From Eqs. (42) and (56), we observe that this,
in turn, requires a sample which contains some 1030
molecules. Achieving such a large number of molecules
while maintaining a reasonable sample size is a challenge
which may be overcome with future development in ex-
perimental techniques.
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